Recent studies of plant sex chromosome-linked genes have revealed many interesting characteristics, although there are limited reports about heteromorphic sex chromosomes in flowering plants. Sex chromosome-linked genes in angiosperms have been characterized mainly in the dioecious plant Silene latifolia . Although all such genes were isolated from transcripts of male flower buds of S. latifolia , most seem to be housekeeping genes except for the petal-and stamen-specific MADS box gene on the Y chromosome ( SlAP3Y ) and the male reproductive organspecific gene on the X chromosome ( MROS3X ). Recent evolutionary studies have revealed at least three evolutionary strata on the X chromosome that are related to stepwise loss of recombination between the sex chromosomes. Moreover, genetic maps showed conservation of gene organization on the X chromosome in the genus Silene and substantial pericentric inversion between the X and Y chromosomes of S. latifolia during evolution. A comparison between paralogs on the sex chromosomes revealed that introns of the Y-linked genes are longer than those of X-linked paralogs. Although analyses of sex chromosome-linked genes suggest that degeneration of the Y chromosome has occurred, the Y chromosome in flowering plants remains the largest in the male genome, unlike that of mammals. Accumulation of repetitive sequences and the entire chloroplast genome on the Y chromosome appear to have contributed to this large size. However, more detailed studies will be required to help explain the basis for the fact that heteromorphic sex chromosomes in angiosperms are large.
INTRODUCTION
The majority of higher plant species do not have differentiated sex chromosomes, mainly because dioecious species are the minority in angiosperms in contrast to higher animals. Nevertheless, dioecious species are found in various taxa from mosses and gymnosperms to angiosperms; however, in the latter they represent only 6% of all species, with separate individuals producing staminate or pistillate flowers (Renner and Ricklefs, 1995) . This suggests that plant dioecy evolved independently in several lineages. In the majority of dioecious plant species, heterogametic male formation is dependent on the XY system (Grant et al., 1994a) , except in a few species such as Fragaria elatior, in which heterogametic females are dependent on the ZW system (Kihara, 1930) .
Since first being identified in the moss Sphaerocarpos (Allen, 1917) , plant sex chromosomes have been found in various dioecious species from lower to higher plants (Westergaard 1958; Matsunaga and Kawano 2001; Charlesworth 2002; Vyskot and Hobza 2004) . For example, in lower plants, heteromorphic sex chromosomes have been identified in the dioecious liverwort Marchantia polymorpha , with an X chromosome being observed in females and a Y chromosome in males (Okada et al., 2000) . That is, the haploid gametophytes have either an X or Y chromosome. The Y chromosome has accumulated unique repetitive sequences with Y chromosome-linked genes embedded among them (Okada et al., 2001; .
Interestingly, sex chromosomes in angiosperms were simultaneously discovered by four different groups using Elodea gigantea (Santos, 1923) , hop ( Humulus lupulus ) (Winge, 1923) , Silene latifolia (syn. Melandrium album ) (Blackburn, 1923; Winge, 1923) , and Rumex acetosa (Kihara and Ono, 1923) . In many dioecious plants, even when sex determination is regulated genetically, no heteromorphic sex chromosomes are found. The main reason for this is that dioecious species often have morphologically indistinguishable homomorphic sex chromosomes. In such cases, because sex chromosomes cannot Edited by Takashi Endo * Corresponding author. E-mail: sachi@bio.eng.osaka-u.ac.jp be identified by their size or shape, they are identified by trisomic analysis or analysis of genetic markers. Through such analyses, chromosomes 1 and 5 were identified as sex chromosomes in Spinacia oleracea and Asparagus officianalis , respectively (Ellis and Janick, 1960; Suto and Sugiyama, 1960; Loptien, 1979) . Homomorphic sex chromosomes have also been identified in papaya along with the sex determining locus, which was genetically mapped (Sondur et al. 1996) . The on-going genome project of papaya further revealed that the malespecific Y chromosome locus represents genetic degeneration; i.e., low gene density, a high density of retroelements and repetitive sequences, and inhibition of recombination Charlesworth 2000, Liu et al. 2004) .
Cytogenetic analyses of heteromorphic sex chromosomes in higher plants have mainly been conducted in two species, R. acetosa and S. latifolia . R. acetosa has triploid sex chromosomes, one X and two Y chromosomes, Y 1 and Y 2 (Kihara and Ono, 1923) . The Y chromosomes seem to be unrelated to male determination because the sex phenotype is genetically determined by the X to autosome ratio, as in Drosophila (Ono, 1930) . In contrast, polyploid analyses clearly showed that the Y chromosome of S. latifolia has the ability to determine the male sex (Ono, 1939; Warmke and Blackslee, 1939; Westergaard, 1940) . By studying mutants with various Y chromosome deletions, it was revealed that the Y chromosome of S. latifolia has at least three different loci that are involved in suppression of female development, and in initiation and completion of anther development Moore et al., 2003) . The Y chromosome of S. latifolia is the largest chromosome in the male genome and is not heterochromatic in character, unlike the human Y chromosome (Matsunaga et al., 1994 , 1999a . Although over 80 years have passed since the discovery of plant sex chromosomes in flowering plants, there are extremely limited reports of plant sex chromosome-linked genes. Recently, several laboratories in the Czech Republic, France, Japan, UK and USA have attempted to isolate sex chromosome-linked genes using S. latifolia (Filatov 2005a ). This review aims to provide an introduction to recent work in this field.
Isolation of plant sex chromosome-linked genes
In most dioecious plants, morphological differences between males and females are mainly detected in reproductive organs, including flower buds and flowers. In early flower meristems of S. latifolia , proliferation of cells in the third and fourth whorls is indistinguishable between males and females, and results in the formation of both sex primordia. However, the development of inappropriate primordia is arrested at an early stage. At the stage when the stamen and petal primordia begin to develop, the size of the fourth whorl becomes larger in females than in males (Grant et al., 1994b) . The gynoecium primordia in the fourth whorl are suppressed in the male flower and become a rudimentary gynoecium without an ovary or pistils. In contrast, the growth of stamen primordia in the third whorl of the female flowers is arrested and they degenerate before the female flower opens (Uchida et al., 2003 . This sex-specific promotion and suppression of flower development is regulated by specific activation and reduction of cell division in primordia of stamens and pistils (Matsunaga et al., 2004a) .
As shown by morphological and genetic analyses of Y chromosome deletion mutants, it is highly possible that the Y chromosome includes genes related to the regulation of sex-specific development of male flower buds. Therefore, it is reasonable to isolate candidates for Y chromosome-linked genes from transcripts in male flower buds and then perform segregation analyses to confirm the Y chromosome linkage. Accordingly, several Ylinked genes of S. latifolia have been isolated from transcripts of male flower buds. For example, the SlY1 to SlY4 genes were isolated through screening of an early male flower cDNA library with a probe amplified from microdissected Y chromosomes (Delichere et al., 1999) . SlssY was identified by random sequencing of a male flower bud cDNA library (Filatov et al., 2005b) and DD44Y was characterized using differential display based on the difference in transcripts between male and female flower buds . A MADS box gene, SlAP3Y , was further isolated from transcripts of male flower buds using RT-PCR with degenerated primers .
Y chromosome-linked genes with paralogs on the X chromosome SlY1 was the first characterized gene shown to be linked to the plant Y chromosome (Delichere et al., 1999) . SlX1 was subsequently identified as a paralog highly similar to SlY1 . The putative coding regions of SlX1 and SlY1 have 99% similarity at the nucleotide level, while the 3' noncoding region is divergent. Both genes encode 472 amino acids with significant similarity to several eukaryotic WD-repeat proteins. Both transcripts preferentially accumulate in flower buds, first in the external cell layers of the young floral meristem then in the stamen primordia. During flower development, they are expressed in actively dividing cells, including cells at the tip of the petals, the ovules, microspores and tapetum. In contrast, their proteins are not detected in suppressed organs, including the filamentous undifferentiated gynoecium in male flowers or in the arrested stamens of female flowers. Low levels of protein expression are detected in vegetative organs, including seedlings, leaves and stems. This character seems to suggest that SlX1 and SlY1 are housekeeping genes.
SlX3 and SlY3 are predicted to encode calcium-dependent protein kinases (CDPK) (Nicolas et al., 2005) . Gen-erally, plant CDPKs function in response to several stresses. Therefore, SlX3 and SlY3 probably have some characteristics of housekeeping genes although their expression patterns have not been reported. SlX4 and SlY4 encode proteins that show high similarity to fructose-2,6-bisphosphatases (Atanassov et al., 2001) . Their transcripts are detected in both vegetative and reproductive organs, including flower buds, leaves, shoots, stems, and seedlings, suggesting that they are expressed ubiquitously. DD44X and DD44Y encode proteins homologous to the oligomycin sensitivity-conferring protein, which is a subunit of mitochondrial ATP synthase . Since both transcripts are detected in leaves, seedlings, flower buds and flowers, it is believed that DD44X and DD44Y function as housekeeping genes. The coding regions of SlssX and SlssY are similar to spermidine synthases of other plant species (Filatov, 2005b) , and their putative functions and expression patterns strongly suggest that they are also housekeeping genes.
Expressed genes linked to the human Y chromosome are classified into two major groups (Lahn and Page, 1997) . A Y-linked gene belonging to the first group is a single copy gene expressed ubiquitously in various organs, while genes of the second group are multi-copy genes on the Y chromosome and preferentially or exclusively expressed in the testis. The Human Genome Project analysis of the human Y chromosome confirmed this classification, except for the male-determining gene SRY , the tooth-specific gene AMELY and two genes on the X-transposed region (Skaletsky et al., 2003) . If the classification is applicable to plant Y-linked genes, all five genes identified so far ( SlY1 , SlY3 , SlY4 , DD44Y and SlssY ) should fall into the first group. Genes in the first group are thought to have been originally located on the homomorphic sex chromosomes or autosomes that have evolved into heteromorphic sex chromosomes (Lahn et al., 2001) .
Male flower-specific expressed sequence tags, Men-153 and Men-470 (Scutt et al., 2002) , a flower-specific gene, CCLS96.1 ) and a petal-and stamen-specific gene, SlMF1 , have been reported in S. latifolia . They are multicopy genes with at least one copy localized on the Y chromosome, but most are not Y-linked. Therefore, no genes belonging to the second group have been found on the Y chromosome of flowering plants. The sex chromosome probably evolved in Silene about 20 MYA (Desfeux et al. 1996) , while the occurrence of mammalian sex chromosomes is estimated to have spanned a timescale of 240 to 300 MYA (Lahn and Page, 1999) . Acquisition and maintenance of genes in the second group on the Y chromosome is thought to have occurred in the late stage of the evolutionary pathway of mammalian sex chromosomes (Skaletsky et al., 2003) . If no genes belonging to this second group are found in further analyses of plant Y-linked genes, this probably reflects the primitive character of the plant Y chromosome.
The genomic structures of SlX1 and SlY1 are very similar (Filatov et al., 2000; Atanassov et al., 2001) , consistent with the fact that recombination between SlX1 and SlY1 ended very recently (Nicolas et al., 2005) . However, intron divergence between X-linked and Y-linked genes is found in the genomic structures of SlX4/SlY4 , SlssX/ Slss Y and DD44X/DD44Y . The size of the second intron of SlY4 is larger than that of SlX4 by 1.3 kb (Atanassov et al., 2001) , while the first intron of SlssY is larger than that of SlssX by 500 bp (Filatov, 2005b) . Moreover, the second intron of DD44Y is 7.5 kb, while that of DD44X is only 1.6 kb, although the lengths of the other introns are similar. In addition, the internal region of intron 2 of DD44Y has significant homology with a retrotransposon . Such intron divergence clearly indicates that recombination between X-linked and Y-linked copies has stopped. There seems to be a rule that the introns of plant Y-linked genes are longer than those of the X-linked paralog. This is probably a sign of the beginning of disruption of the function of Y-linked genes, which occurs in the process of Y chromosome degeneration.
The genetic degeneration of the Y chromosome is also a Two copies of four paralogs are located on the X chromosome.
supported by population genetic analyses. Analyses of polymorphism of X and Y-linked paralogs in several populations of S. latifolia clearly showed the lower genetic diversity of Y-linked genes compared with X-linked paralogs (Filatov et al., 2000 , Laporte et al., 2005 . This result is in agreement with theoretical models that the reduced diversity of Y-linked genes occurs in a degenerating Y chromosome .
A MADS box gene linked to the Y chromosome
The MADS box is a common DNA-binding domain of transcription factors which are crucially regulated in plant development, and perhaps comparable in importance to HOX homeobox transcription factor genes in animals (Ng and Yanofsky, 2001) . Several floral identity genes along with the MADS box, SLM genes, are also known to function in floral development of S. latifolia (Hardenack et al., 1994; Kazama et al., 2005) . Moreover, RT-PCR with degenerate primers from the conserved regions of Arabidopsis MADS box proteins amplified three novel MADS box genes, SlAP3, SlSEP1 and SlSEP3, from young S. latifolia male flower buds (Matsunaga et al. , 2004b . Furthermore, genomic Southern hybridization of SlAP3 with male and female genomic DNA showed that there are at least two paralogous sequences, one or more autosomal or X-linked SlAP3A/X, and one Y-linked SlAP3Y. Chromosomal linkage of the former sequence was analyzed using flow-sorted X chromosomes prepared from cultured female root cells, and the results suggested that the sequence is not linked to the X chromosome, but rather to autosomes. Therefore, the sequence was speculated to be localized on autosomes and was therefore denoted SlAP3A. SlAP3 has significant similarity with an Arabidopsis floral identity gene, APETALA3, which functions in organ identity and morphogenesis of petals and stamens (Jack et al., 1992) . SlAP3A and SlAP3Y are also expressed in petals and stamens but show different developmental expression profiles during flower bud maturation. In both male and female flower buds, expression of SlAP3A increases dramatically in early mature buds and then gradually decreases. Moreover, the SlAP3A transcript accumulates abundantly in petals of both male and female buds. In contrast, SlAP3Y transcription increases steadily throughout male flower bud maturation with high transcript levels in petals and even higher levels in stamens. This differential expression pattern suggests that SlAP3Y acquired its male-specific expression pattern while facing strong degenerative force on the Y chromosome.
A male flower bud-specific gene linked to the X chromosome Many male reproductive organ-specific genes, including SLM genes (Hardenack et al., 1994) , MROS genes (Matsunaga et al., 1996; , Men genes (Scutt et al., 1997) and CCLS genes (Barbachar et al., 1997) , have been isolated from transcripts of male flower buds of S. latifolia. Although the Y-linkage of almost all of these genes has been analyzed using genomic Southern hybridization, they do not show male-specific segregation, indicating that they are not specifically located on the Y chromosome. However, in addition to this, other methods are necessary to confirm the X-linkage, because definitive proof is difficult to obtain using hybridization analysis. Single-strand conformational polymorphisms (SSCP) analysis can accurately confirm X linkage using DNA of parent plants and progenies. Chromosomal linkage of the above male reproductive organ-specific genes has been examined by SSCP analysis (Guttman and Charlesworth, 1998) , and the findings revealed that only MROS3 is linked to the X chromosome. Moreover, single-pollen typing showed that MROS3A and MROS3X are localized on autosomes and the X chromosome (Matsunaga et al., 1999b) . PCR with flow-sorted X chromosomes and autosomes also revealed that at least two copies of MROS3X were tandemly located on the X chromosome . Until now, MROS3X has only been reported as an X-linked gene without a Ylinked paralog in flowering plants. Because the human X chromosome contains a greater than average proportion of genes involved in reproduction (Graves and Delbridge 2001) , MROS3 might provide clues about the enrichment of X-linked reproductive genes on plant X chromosomes. Cytogenetic studies suggest that X chromosome inactivation occurs in S. latifolia (Vyskot et al., 1993) , but whether gene dosage compensation occurs in plants remains unknown. Isolation of more plant X-linked genes and detailed studies of their expression profiles will help reveal the molecular mechanism of the plant gene compensation system. Evolution of plant sex chromosomes related to sex chromosome-linked genes Three extant dioecious species in the genus Silene, S. latifolia, S. diclinis and S. dioica, are known to be close relatives. A phylogenetic tree based on internal transcribed spacer data for nuclear rRNA genes of 22 Silene species suggested that these three dioecious species evolved from gynodioecious or hermaphrodite ancestors (Defeux et al., 1996) . The evolutionary story of Silene dioecy is consistent with the theoretical model that plant dioecy mainly evolves via the gynodioecy pathway (Charlesworth and Charlesworth, 1978) .
The characterization of sex chromosome-linked genes allows us to compare the evolutionary history of sex chromosomes between plants and animals. Synonymous site divergence values of sex chromosome-linked genes revealed that human X-linked genes are physically arranged along four different evolutionary strata (Lahn and Page, 1999) . Moreover, detailed comparison between the X and Y chromosomes revealed stepwise loss of recombination corresponding to five evolutionary strata on the human X chromosome (Ross et al., 2005) . Synonymous site divergence values of X-linked genes were also examined using pairs of orthologs of S. latifolia, S. diclinis and S. dioica (Nicolas et al., 2005) . Moreover, a genetic map of the X chromosome was constructed with four X-linked genes using a DNA marker of pseudoautosomal region (PAR) (Nicolas et al., 2005) . PAR is a homologous region on the X and Y chromosomes that allows pairing. The PAR of S. latifolia is located on the distal ends of the short arm of the X chromosome and the long arm of the Y chromosome (Lengerova et al., 2003) . Combination of the synonymous site divergence values and genetic map information clearly showed that Xlinked genes of S. latifolia fall into three evolutionary strata. SlX3 and SlX4 in stratum I show higher values of synonymous site divergence for SlX3/SlY3 and SlX4/ SlY4 and their genetic positions are most distant from the PAR, suggesting that recombination ended a long time ago. In contrast, SlX1 in stratum III shows the lowest synonymous site divergence value for SlX1/SlY1 and is located near the PAR, suggesting that recombination ceased very recently. DD44X and SlssX in stratum II exhibit intermediate values and genetic positions between those of genes in strata I and III. These analyses indicate that plant sex chromosomes also evolved from a primitive sex chromosome through different processes of successive recombination arrest.
Comparison of the genetic maps of the X chromosomes in these three dioecious species showed that the gene organization is highly conserved except for an inversion of the q arm between S. dioica and the other two species (Nicolas et al., 2005) (Fig. 1) . This high conservation is also known for the X-linked genes of eutherian mammals (Ross et al., 2005) . The genetic map of the X chromosome of S. latifolia was also compared with that of a Fig. 1 . Evolution of sex chromosomes in the genus Silene. Chromosomal positions in magenta, blue, and green indicate those of homologous genes with X-linked genes in evolutionary strata I, II, and III on the X chromosome of S. latifolia, respectively. The brown distal part of sex chromosomes represents the pseudoautosomal region. The yellowish green, pink and sky blue chromosomes show the homologous autosome of the related gynodioecious species S. vulgaris, the X chromosome of the dioecious species S. dioica or S. latifolia, and the Y chromosome of S. latifolia, respectively. The gene organization on the X chromosome of another dioecious species S. diclinis is the same as that of S. latifloia.
homologous autosome of the related gynodioecious species S. vulgaris (Filatov et al., 2005c) . Four orthologs of SlX1, SlX4, SlssX and DD44X in S. vulgaris were mapped and shown to have the same gene order as on the X chromosome of S. latifolia except for an inversion between SlssX and SlX4 (Fig. 1) . The organization of Y-linked genes on the Y chromosome was analyzed using PCR with genomic DNA prepared from deletion mutants (LebelHardenack et al. 2002 , Zluvova et al. 2005 . Interestingly, comparison of the organization between X-and Ylinked genes indicated a large chromosome inversion between SlX4/SlY4 and SlssX/SlssY. This inversion occurred after the onset of recombination arrest because the inversion was not found in the X chromosomes of the two closely related species S. dioica and S. diclinis.
Pericentric inversions have also been found with heteromorphism of various animal sex chromosomes (Jablomka and Lamb, 1990) . Recombination suppression tends to occur around centromeric regions, leading to lethal chromosome abnormalities including duplications and deletions. Once recombination has been suppressed between sex chromosomes in such large inversions, degeneration of the Y chromosome progresses. The inversion of S. latifolia sex chromosomes suggests that pericentric inversions during the evolution of heteromorphic sex chromosomes are common events in both plants and animals.
The plant sex chromosome paradox -Why are Y chromosomes large? -Y chromosomes are small in almost all mammals; for example, the human Y chromosome contains a mere 0.93% of the male diploid genome (Morton, 1991) . Moreover, the Y chromosome of the dioecious liverwort M. polymorpha is the smallest chromosome in the male diploid genome (Okada et al., 2000) . Such small Y chromosomes seem to reflect the outcome of degeneration derived from recombination suppression. In contrast, almost all heteromorphic Y chromosomes in angiosperms are the largest chromosomes in the male genomes. For example, the Y and X chromosomes are the largest and second-largest chromosomes of male S. latifolia, with the Y chromosome containing approximately 9% of its total diploid genome (Matsunaga et al., 1994) . The Y chromosomes of Cannabis sativa are also the largest in the male genome (Sakamoto et al., 1998) , and although the R. acetosa Y chromosome is divided into Y 1 and Y 2 , the overall combined Y chromosome is the largest in the male genome (Shibata et al., 1999) . It therefore seems paradoxical that heteromorphic sex chromosomes in angiosperms are large even though symptoms of degeneration have been found in Y-linked genes.
Y chromosome painting of R. acetosa and S. latifolia has been successfully conducted using FISH with microdissected Y chromosomes as probes (Shibata et al. 1999 ). The findings strongly suggest that repetitive sequences accumulate in plant Y chromosomes, indicating that the Y chromosome in some dioecious plants is degraded like those of mammals and fruit flies (Charlesworth, 1996) . The localization of two repetitive sequences on the Y chromosome, RAYSI and RAE180, suggests that dynamic structural changes including reciprocal translocation and inversion frequently occur on the Y chromosome of R. acetosa (Shibata et al. 2000) . Interestingly, the entire genome of chloroplasts is accumulated specifically on the Y chromosome of S. latifolia (Kejnovsky et al., 2005) . In addition to the longer introns of Y-linked genes, the accumulation of repetitive sequences or chloroplast DNA sequences could contribute to the large size of plant Y chromosomes. More detailed studies of plant sex chromosome-linked genes and sequences will help provide answers as to whether this trait is a flowering plant-specific phenomenon or a transitional process to size reduction.
Conclusions
Sex chromosome-linked genes and sex chromosomes in the dioecious plant S. latifolia have the following characteristics. 1. Almost all characterized Y-linked genes seem to be housekeeping genes, except for the petal-and stamenspecific MADS box gene. 2. The introns of Y-linked genes are longer than those of X-linked paralogs. 3. Stepwise loss of recombination occurred between the X and Y chromosomes, corresponding to at least three evolutionary strata on the X chromosome. 4. Gene organization on the X chromosome is conserved among related plant species. 5. Substantial pericentric inversion occurred during evolution of the sex chromosomes. 6. The Y chromosome accumulates specific sequences and the entire genome of chloroplasts is distributed specifically on the Y chromosome.
